1. Introduction {#sec1}
===============

Work done in numerous laboratories has demonstrated that stem cell administration is able to reduce the loss of function in the heart after myocardial infarction. We have demonstrated that intravenous injection of bone marrow mesenchymal stem cells (MSC) into mice one hour after coronary artery occlusion is able to attenuate the loss of function due to myocardial infarction \[[@B1]\]. These MSC secrete the paracrine factors vascular endothelial growth factor (VEGF), monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory protein-1*α* (MIP-1*α*), and MIP-1*β* which may play a role in the protective effect of MSC \[[@B2], [@B3]\]. Understanding the way in which the synthesis and secretion of these factors are controlled is important to better utilize MSC in clinical situations.

The amount of oxygen present while MSC are cultured can have a significant effect on the behavior of MSC \[[@B4]\]. The atmospheric oxygen level routinely used for culture (21% O~2~; normoxia) is significantly elevated compared to the 12% oxygen found in arterial blood and the 1--7% found in a variety of tissues like skin, bone marrow, myocardium, brain, and spleen \[[@B4]--[@B7]\]. In addition, after permanent coronary artery occlusion in rats, myocardial oxygen partial pressure levels drop from 15 mmHg (2%) to less than 2 mmHg (\<0.3%) which is maintained after left ventricular remodeling \[[@B8]\]. Hypoxia, or "*in situ* normoxia" \[[@B9]\], alters MSC gene expression \[[@B10]\], affects the secretion of paracrine factors \[[@B11]--[@B13]\], and influences the ability of MSC to differentiate \[[@B14]--[@B16]\].

Similarly, the amount of serum present in the culture media affects stem cell behavior. MSC are generally cultured in 10--20% serum which contains numerous factors that may not be present in the tissues where these cells reside. In addition, the ischemic conditions present after coronary artery occlusion include both hypoxia and serum deprivation \[[@B17], [@B18]\]. Reduction of serum levels to 2% promotes cardiomyocyte differentiation \[[@B19]\], reduces cell proliferation, and upregulates genes for maintaining stemness, angiogenic factors, and endothelial differentiation \[[@B20]\] in MSC. Serum deprivation alters the secretion of paracrine factors and the expression of stem cell and endothelial markers in MSC \[[@B21]--[@B23]\].

We have previously demonstrated that MSC secrete VEGF, MCP-1, MIP-1*α*, and MIP-1*β* which have significant biological effects on cell migration, apoptosis, and capillary formation \[[@B2]\]. In addition, MMP-2 secreted by MSC may promote directed cell migration \[[@B24]\]. Therefore, the purpose of the present study was to mimic the conditions present during myocardial ischemia by lowering oxygen and serum concentrations during culture in order to determine the effects of these conditions on the gene expression and secretion of VEGF, MCP-1, MIP-1*α*, MIP-1*β*, and MMP-2 by bone marrow MSC. To that end, we cultured MSC in 5% or 20% serum in either a normoxic (21% O~2~) or hypoxic (1% O~2~) environment.

2. Methods {#sec2}
==========

2.1. Mesenchymal Stem Cell Culture {#sec2.1}
----------------------------------

Murine mesenchymal stem cells (MSC) were isolated from bone marrow and cultured in Mesencult basal medium with 20% murine serum supplement (Stem Cell Technologies) as described previously \[[@B1]\]. MSC (passages 3--10) were cultured at 37°C in 6-well plates in 2 mL/well Mesencult with 5% or 20% murine serum supplement at a concentration of 0.30 × 10^6^ cells/well. Normoxic cells were cultured for 48 hours under normal atmospheric oxygen (21%) plus 5% CO~2~. Hypoxic cells were cultured for 24 hours under normal atmospheric oxygen and then for an additional 24 hours in a reduced oxygen atmosphere (1% O~2~, 5% CO~2~, 94% N~2~).

A cell proliferation assay using alamarBlue (Invitrogen; DAL1025) was performed in order to correct for differences in growth rates under the different culture conditions. MSC were cultured as described above. After 48 hours of culture, the wells were washed with PBS and then treated with Mesencult + 5% serum supplement containing 10% alamarBlue reagent. Cells were incubated for 4 hours at 37°C under normoxic conditions. Absorbance was measured at 570 and 600 nm and the amount of alamarBlue reduction (AR) was determined. AR is directly proportional to the number of cells present.

2.2. Quantification of Paracrine Factor Secretion Using ELISA {#sec2.2}
-------------------------------------------------------------

After 48 hours of culture, media were removed and centrifuged at 14,000 ×g for 10 min. The supernatant was removed, separated into single use aliquots, and stored at −20°C. Media supernatants were analyzed by ELISA using Quantikine kits (R&D Systems) for VEGF (MMV00), MCP-1 (MJE00), MIP-1*α* (MMA00), MIP-1*β* (MMB00), and matrix metalloproteinase-2 (MMP-2; DMP2F0) according to manufacturer\'s directions. In order to correct for differences in cell proliferation and thus the amount of secretion produced per cell, all values were normalized to those measured for cells cultured in 5% serum under hypoxic conditions using the normalization factors determined by the alamarBlue cell proliferation assay (see below).

2.3. mRNA Quantification Using RT-qPCR {#sec2.3}
--------------------------------------

Total RNA was isolated after 48 hours of culture using RNAqueous-4PCR kits (Ambion). RNA was treated with DNAse I and then quantified and assessed for quality by measuring absorbance at 260 and 280 nm. Reverse transcription was performed on 1 *μ*g RNA using an iScript cDNA synthesis kit (BioRad) with blended oligo (dT) and random primers. qPCR was done on 2 *μ*L RT DNA template with iQ SYBR Green Supermix (BioRad) using the BioRad MJ Mini Thermal Cycler with MiniOpticon with 300 *μ*M specific primers ([Table 1](#tab1){ref-type="table"}). No-RT and water controls were included to ensure specificity. After an initial hot start at 95°C (3 minutes), 40 cycles of 95°C (30 seconds), 55°C (30 seconds), and 72°C (1 minute) were performed. Single band products of the appropriate molecular size were confirmed for the primers using 2% agarose electrophoresis. Relative expression was determined using CFX Manager (BioRad) by comparing data to the reference gene YWHAZ (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide); this was then normalized to the average expression level.

2.4. Statistical Analysis {#sec2.4}
-------------------------

Mean and standard error were calculated for each treatment group, and significance was determined using Student\'s *t*-test. The following biologically relevant comparisons were made: (1) normoxic cells grown in 5% and 20% serum, (2) hypoxic cells grown in 5% and 20% serum, (3) normoxic cells with hypoxic cells grown in 5% serum, and (4) hypoxic cells with normoxic cells grown in 20% serum.

3. Results {#sec3}
==========

3.1. Cell Proliferation Assay {#sec3.1}
-----------------------------

Before the amount of paracrine factor secretion could be compared between treatment groups, differences in the number of cells present after 48 hours of culture had to be equalized. To do this, a cell proliferation assay using alamarBlue was performed. It was found that cells cultured with 20% serum supplement had significantly elevated levels of alamarBlue reduction (AR) (*P* \< 0.01; *n* = 5) compared to 5% serum. While hypoxia had no effect on cells cultured in 5% serum, mean AR values were elevated in hypoxic conditions in 20% serum (*P* \< 0.05; *n* = 5). Compared to cultures in 5% serum under normoxic conditions, the AR value was 24% higher in 20% serum/normoxic cultures and 36% higher in 20% serum/hypoxic cultures. Based on this data, ELISA values for 20% serum/normoxic cultures and 20% serum/hypoxic cultures were normalized to 5% serum/normoxic cultures by multiplying by 0.804 and 0.737, respectively. No correction factor was used for 5% serum/hypoxic cultures since AR values were not significantly different from 5% serum/normoxic cultures.

3.2. Paracrine Factor Secretion {#sec3.2}
-------------------------------

The secretion of paracrine factors by MSC into the culture media was quantified using ELISA ([Table 2](#tab2){ref-type="table"}, [Figure 1](#fig1){ref-type="fig"}). Serum reduction from 20% to 5% and changing from a normoxic to a hypoxic environment had significant effects on levels detected in the media. Previous studies in our laboratory have demonstrated that VEGF, MIP-1*α*, MIP-1*β*, and MCP-1 were not detectable in Mesencult media containing 20% serum supplement \[[@B2]\].

VEGF levels were significantly reduced (*P* \< 0.01) in media from cells cultured in 5% serum supplement compared to those in 20% supplement in both normoxic and hypoxic conditions. Hypoxia had no effect on the secretion of VEGF.

As seen with VEGF, serum reduction to 5% significantly reduced (*P* \< 0.01) MCP-1 levels in media compared to those in 20% supplement in both normoxic and hypoxic conditions. In addition, hypoxia significantly reduced (*P* \< 0.01) MCP-1 levels in both 5% and 20% serum cultures.

MIP-1*α* levels were unaffected by serum supplement concentration or oxygen levels. On the other hand, MIP-1*β* levels ([Table 2](#tab2){ref-type="table"}, [Figure 1](#fig1){ref-type="fig"}) were significantly elevated (*P* \< 0.05) in 5% serum compared to 20% in hypoxic conditions, an effect not seen in normoxic conditions. Also, hypoxia significantly reduced (*P* \< 0.05) MIP-1*β* secretion in both 5% and 20% serum supplements.

Changes in MMP-2 secretion followed the general trends seen for MIP-1*β*. Serum reduction to 5% resulted in a significant elevation (*P* \< 0.01) of MMP-2 levels compared to 20% in both normoxic and hypoxic conditions. Also, hypoxia significantly reduced (*P* \< 0.01) MMP-2 secretion in both 5% and 20% serum cultures.

3.3. mRNA Levels for Paracrine Factors {#sec3.3}
--------------------------------------

The normalized relative expression of mRNA in MSC for the various paracrine factors was determined using RT-qPCR ([Table 3](#tab3){ref-type="table"}, [Figure 1](#fig1){ref-type="fig"}). Changes in mRNA paralleled changes in secretion although some differences were observed.

Serum reduction to 5% caused a significant drop in the relative expression of VEGF mRNA compared to 20% in normoxic (*P* \< 0.05) but not in hypoxic conditions. Hypoxia resulted in a significant elevation of VEGF expression levels for cells grown in 5% serum (*P* \< 0.05%) but not in 20%. This is similar to the response observed with VEGF secretion into the surrounding media except for the expression levels in 5% serum.

Serum reduction to 5% had no significant effect on the relative expression of MCP-1 mRNA compared to 20% serum supplement. Hypoxia significantly reduced (*P* \< 0.01) the relative expression of MCP-1 mRNA in both 5% and 20% serum supplement. This was similar to what was observed for MCP-1 secretion except for the lack of an effect of serum.

Changes in the relative expression of MIP-1*α* and MIP-1*β* mRNA were similar to each other. Expression was significantly reduced (*P* \< 0.05) in 5% serum compared to 20% in hypoxic conditions. No effect was seen in normoxic conditions. Hypoxia significantly elevated mRNA expression in both 5% (*P* \< 0.05) and 20% (\<0.01%) supplements. These effects were in contrast to secretion of these two factors into the culture media where hypoxia had no effect on MIP-1*α* and suppressed MIP-1*β* secretion.

Reducing the serum from 20% to 5% significantly increased (*P* \< 0.05) the relative expression of MMP-2 mRNA in normoxic conditions similar to secretion into the media. However, reducing serum had no significant effect in hypoxia in contrast to secretion which showed an increase. Hypoxia had no effect on expression in either serum concentration while it reduced secretion into the media.

4. Discussion {#sec4}
=============

This study clearly demonstrates that alteration of oxygen concentrations and serum levels results in significant changes in the mRNA expression for and secretion of paracrine factors by MSC. It is the first time that these two parameters have been studied simultaneously and the data suggests that the low serum and oxygen conditions present during the ischemia found after coronary artery occlusion may have significant effects on the secretory function of MSC and the role they play in preventing the loss of myocardial function after heart attack \[[@B1]\]. The particular changes observed depend on the specific paracrine factor being studied. Changes in mRNA often paralleled changes in secretion, but there were exceptions.

We found that hypoxia significantly reduced the gene expression for MCP-1 but significantly increased the expression of genes for MIP-1*α*, MIP-1*β*, and VEGF (5% serum only) while MMP-2 expression was unaffected. Secretions of MCP-1, MIP-1*β*, and MMP-2 were all significantly reduced by hypoxia while VEGF and MIP-1*α* were unaffected. The reasons for the differences between mRNA expression and secretion for MIP-1*α*, MIP-1*β*, and MMP-2 are not immediately apparent but may be due to differences in the control of gene expression versus control of translational and posttranslational events that lead from mRNA production to secretion. Other investigators have demonstrated an increase in VEGF gene expression and secretion \[[@B10]--[@B12]\] and a decrease in the secretion of MCP-1 \[[@B13]\] by MSC in hypoxia. Our results generally did not demonstrate an increase in VEGF after hypoxia, but this factor also responded differently to serum reduction in our hands (see below). In addition, hypoxia increased gene expression for placental growth factor, heparin-binding epidermal growth factor, MMP-9, and basic fibroblast growth factor (bFGF) \[[@B10], [@B12]\], caused an increase in the secretion of transforming growth factor-*β*2, insulin-like growth factor binding proteins 2, 3, 4, and 6, insulin-like growth factor- (IGF-) II, and interleukin-7 \[[@B11], [@B15]\], and reduced the secretion of stromal cell derived factor-1, macrophage colony stimulating factor, interleukin-1ra, RANTES, CXCL1, and CXCL10 \[[@B13]\] by MSC. Clearly, hypoxia changes the paracrine secretions of MSC which would have implications for the role they play in maintaining myocardial function after coronary artery occlusion.

Exposure to a hypoxic environment results in significant changes in cellular physiology. Principle among these is the stabilization of hypoxia-inducible factor- (HIF-) 1*α* in an oxygen dependent manner between 0.5 and 5% \[[@B25]\] which may be due to the release of reactive oxygen species by the mitochondria that prevents its degradation \[[@B26]\]. This raises the concentration of constitutively expressed HIF-1*α* which when combined with HIF-1*β* forms an active transcription factor promoting cell survival \[[@B27]\]. A variety of genes are affected by this cascade including chemokine receptors and those that promote anaerobic respiration, reduce aerobic respiration, and are involved in notch signaling \[[@B27]\]. HIF-1*α* mRNA expression was elevated in adipose-derived MSC after 48 hours of culture in the presence of 1% O~2~ \[[@B12]\]. In light of this, it is not surprising that we found that hypoxia alters the gene expression and secretion of paracrine factors, and HIF-*α* may be involved in the response.

This study demonstrated that reducing the serum concentration from 20% to 5% caused an increase in the mRNA expression for MMP-2 but a significant decrease in the expression for VEGF (normoxia only), MIP-1*α* (hypoxia only), and MIP-1*β* (hypoxia only) while MCP-1 was unaffected. Secretion of MMP-2 and secretion of MIP-1*β* were both significantly elevated by serum reduction while VEGF and MCP-1 were significantly reduced and MIP-1*α* was unaffected. We also observed that serum reduction caused a decline in cell proliferation. Alterations in proliferation, gene expression, and secretion after serum reduction are not surprising since the media contain less protein and fewer signaling growth factors. Other studies have demonstrated that serum reduction (to 2%) or deprivation causes an increased expression and secretion of VEGF by MSC \[[@B20], [@B22], [@B23]\]. It is unclear why lowering serum reduced expression and secretion of VEGF in our study while others found it to be elevated, but this could be attributed to our use of serum that contained stimulatory supplements (Mesencult; Stem Cell Technology) instead of FBS. However, we have previously demonstrated that this supplement does not contain VEGF, MIP-1*α*, MIP-1*β*, or MCP-1 \[[@B2]\] which was confirmed by the manufacturer, so that the changes observed are not simply due to a reduction in endogenous VEGF. Reports from other laboratories have shown that reducing serum from 20% to 2% in MSC cultures resulted in a significant decline in proliferation, an increase in the secretion of hepatocyte growth factor \[[@B22]\], and an increased expression of genes for placental growth factor, angiogenin-1, and bFGF \[[@B20]\]. Serum deprivation led to an increase in the gene expression and secretion of IGF-1, leptin, and angiogenin \[[@B23], [@B28]\] by MSC. Since coronary artery occlusion results in a serum-deprived state in the myocardium, these results have significant therapeutic implications for the paracrine actions of MSC.

Hypoxia and serum reduction also affect the genes associated with differentiation in MSC. Hypoxia increased the expression of the pluripotent genes OCT-4 and nanog in MSC \[[@B29]\] and stimulated the expression of a group of genes that maintained their undifferentiated state \[[@B30]\]. Hypoxia promoted osteogenic \[[@B31]\] and chondrogenic differentiation of MSC \[[@B32]\] but reduced adipogenic differentiation of MSC \[[@B15], [@B16]\] and promoted development of the intervertebral disc phenotype \[[@B14]\]. Reduction of serum levels to 2% caused an increased expression of "stemness" genes (ATP binding cassette G-2, bone marrow stromal cell antigen-1, FGF-4, frizzled-9, SOX-2, and OCT-4), angiogenic genes (placental growth factor, VEGF, angiogenin-1, and bFGF), and endogenic genes (CD34, vascular endothelial cadherin, endothelial cell adhesion molecule-1, von Wildebrand factor, and VEGF receptor-2) in MSC \[[@B20]\]. Serum reduction led to increased cardiomyocyte \[[@B19]\] and endothelial differentiation \[[@B21], [@B23]\] by MSC. Therefore, the hypoxic/low serum conditions present after coronary artery occlusion provide conditions that maintain the pluripotency of MSC while also promoting their ability to differentiate. This change in the differentiation state might also affect the expression and secretion of paracrine factors.

The paracrine factors secreted by MSC have significant biologic activities that are believed to play a role in their cardioprotective effects \[[@B3]\]. We have demonstrated that MSC conditioned media (CM) promote angiogenesis in canine vascular endothelial cells, MCP-1 or MSC-CM reduced caspase-3 activity in H9c2 cells, and MCP-1 and MIP-1*α* promoted MSC migration and VEGF inhibited MSC migration \[[@B2]\]. VEGF is a well-known promoter and regulator of angiogenesis \[[@B33]\], and MCP-1 has proangiogenic effects as well \[[@B34], [@B35]\]. MCP-1 \[[@B36]\], MIP-1*α*, and MIP-1*β* \[[@B37], [@B38]\] play a role in the modulation of immune function, and immune modulation may be an important mechanism whereby MSC aid tissues in recovery from injury \[[@B39]\] including myocardial infarction \[[@B40]\]. MMP-2 is a gelatinase that digests collagen and is tightly regulated by a variety of factors including the tissue inhibitors of metalloproteinases \[[@B41]\] which are also secreted by MSC \[[@B42]\]. The secretion of MMP-2 by MSC that we and others have demonstrated may be important in the transendothelial and tissue migration of MSC \[[@B24], [@B43]\] and in angiogenesis \[[@B44]\]. Differential regulation of these paracrine factors by hypoxic and low serum conditions as demonstrated in this study may be important in the beneficial effects of MSC injection during the ischemia present following coronary artery occlusion \[[@B2]\].
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###### 

PCR primers.

             Forward                 Reverse
  ---------- ----------------------- ------------------------
  VEGF       CAGGCTGCTGTAACGATGAA    TGTCTTTCTTTGGTCTGCATTC
  MCP-1      AGGTCCCTGTCATGCTTCTG    TCTGGACCCATTCCTTCTTG
  MIP-1*α*   TGCCCTTGCTGTTCTTCTCT    CCCAGGTCTCTTTGGAGTCA
  MIP-1*β*   TGTCTGCCCTCTCTCTCCTC    GTCTGCCTCTTTTGGTCAGG
  MMP-2      CAGGGCACCTCCTACAACAG    GTCAGTATCAGCATCGGGGG
  YWHAZ      AACAGCTTTCGATGAAGCCAT   TGGGTATCCGATGTCCACAAT

###### 

Paracrine factors in media.

                       Normoxia            Hypoxia                                
  -------------------- ------------------- ----------------- -------------------- -------------------
  VEGF (*n* = 6)       1447.7 ± 93.5^a^    2102.37 ± 138.7   1601.17 ± 66.3^a^    2247.37 ± 83.6
  MCP-1 (*n* = 6)      3964.4 ± 244.9^a^   4985.1 ± 160.1    1880.0 ± 141.3^ab^   2705.7 ± 143.8^b^
  MIP-1*α* (*n* = 6)   5.8 ± 0.4           6.2 ± 0.2         5.3 ± 0.5            6.0 ± 0.4
  MIP-1*β* (*n* = 5)   5.1 ± 0.6           4.1 ± 0.1         4.0 ± 0.1^ab^        3.5 ± 0.2^b^
  MMP-2 (*n* = 6)      37.3 ± 1.0^a^       26.8 ± 2.2        28.6 ± 1.3^ab^       19.7 ± 0.2^b^

Data reported as mean ± SE in pg/mL except for MMP-2 (ng/mL). 5% and 20% refer to the amount of serum supplement present in the media. ^a^ *P* \< 0.05 versus 20%; ^b^ *P* \< 0.05 versus normoxia.

###### 

Normalized relative expression of mRNA for paracrine factors.

                       Normoxia           Hypoxia                             
  -------------------- ------------------ --------------- ------------------- ------------------
  VEGF (*n* = 5)       0.535 ± 0.038^a^   0.667 ± 0.067   0.725 ± 0.051^b^    0.812 ± 0.085
  MCP-1 (*n* = 5)      1.162 ± 0.145      1.410 ± 0.231   0.259 ± 0.063^b^    0.557 ± 0.214^b^
  MIP-1*α* (*n* = 5)   0.688 ± 0.042      0.757 ± 0.051   1.196 ± 0.136^ab^   1.578 ± 0.061^b^
  MIP-1*β* (*n* = 5)   0.690 ± 0.069      0.600 ± 0.036   0.932 ± 0.101^ab^   1.290 ± 0.127^b^
  MMP-2 (*n* = 11)     0.855 ± 0.039^a^   0.583 ± 0.064   0.886 ± 0.066       0.718 ± 0.135

Data reported as mean ± SE. 5% and 20% refer to the amount of serum supplement present in the media. ^a^ *P* \< 0.05 versus 20%; ^b^ *P* \< 0.05 versus normoxia.
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